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This	Talk
• Ultra-compact binaries (P ≤ 70 min)

• Results of common envelope evolution
• Progenitors of merger products (e.g.SNIa)
• White Dwarf (WD) structure and atmospheres
• Gravitational Wave sources
• New results!

• Other stellar/variability topics
• Cataclysmic variables (CVs)
• M31/M33

• Plans for upcoming observations
• Fermi Unidentified Sources (see David Kaplan)
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Important	Trends

• Gaia	+	PanSTARRS +	ZTF	offer	dramatic	new	opportunities
• Gaia

• Distances	via	astrometry	(parallax	and	proper	motion)
• Construct	HR	diagrams:	enables	source	selection

• PanSTARRS
• Colors	(often	better	than	Gaia)

• ZTF
• Dense	time	sampling	of	galactic	plane	and	limited	areas	of	high	latitudes

• LISA – the	next	frontier	of	gravitational	wave	astronomy
• Ultra-compact	binaries
• Massive	BH	mergers
• Extreme	mass	ratio	inspirals (EMRIs)
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The Evolution of Compact Binary Star Systems 13
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Figure 2: Sensitivity limits of GW detectors and the regions of the f–h diagram occupied by some
potential GW sources. (Courtesy G. Nelemans).

In this review we shall concentrate on the formation and evolution of compact star binaries
most relevant to GW studies. The article is organized as follows. We start in Section 2 with a
review of the main observational data on NS binaries, especially measurements of masses of NSs
and BHs, which are most important for the estimate of the amplitude of the expected GW signal.
We briefly discuss empirical methods to determine the NS binary coalescence rate. The basic
principles of stellar binary evolution are discussed in Section 3. Then, in Section 4 we describe the
evolution of massive stellar binaries. Next, we discuss the Galactic rate of formation of binaries
with NSs and BHs in Section 5. Theoretical estimates of detection rates for mergers of relativistic
stellar binaries are discussed in Section 6. Further, we proceed to the analysis of the formation
of short-period binaries with WD components in Section 7, and consider observational data on
WD binaries in Section 8. A model for the evolution of interacting double-degenerate systems is
presented in Section 9. In Section 10 we describe gravitational waves from compact binaries with
white dwarf components. Section 11 is devoted to the modeling of optical and X-ray emissions of
AM CVn-stars. Our conclusions follow in Section 12.

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2014-3

Merger?

(by G. Nelemans – from Amaro-Seoane+12)

Big	Picture:
Gravitational
Waves	&
Compact	
Binaries
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LISA Verification Binaries
(Optical/X-ray Identifications)

(From	Kupfer+18,	MNRAS
using	new	Gaia	data)

Black circles are AM 
CVn systems, red 
triangles correspond to 
detached white dwarfs 
and the blue square is 
the hot subdwarf binary.

Sensitivity plot for LISA 
assuming 4 years 
integration, showing the 
verification binaries which 
reach a SNR≥ 5 (or are on 
the border to a SNR≈5) 
after 4 years integration. 

All discovered either 
spectroscopically, via 
outbursts, or in X-rays. 
PTF/ZTF discovery 
through periodicity 
detection in the time 
domain

LISA	Sensitivity



Brightest LISA Ultra-compact Binaries
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eLISA: Astrophysics and cosmology in the millihertz regime
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Figure 6: Strain amplitude spectral density versus frequency for the verification binaries and the brightest bina-
ries,expected from a simulated Galactic population of ultra-compact binaries. The solid line shows the sensitivity of
eLISA. Verification binaries are indicated as green squares with their names indicated, blue squares are other known bina-
ries. Strongest 100 simulated binaries are shown in red, strongest 1000 as black dots. The integration time for the binaries
is two years. Based on Brown et al. (2011), Roelofs et al. (2006, 2010) for the known binaries and Nelemans et al. (2004)
for the simulation.

12 of 81

Green: LISA verification binaries
Red: 100 strongest LISA sources
Black: 1000 strongest LISA sources
Blue: Other known binaries

(Simulation from Amaro-Seoane+12)



Evolution of close 
binaries

The Evolution of Compact Binary Star Systems 59
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Figure 9: Formation of close dwarf binaries and their descendants (scale and color-coding are arbitrary).

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2014-3

• Ultra-compact binaries 
typically require two episodes 
of common envelope evolution

• Result in a variety of possible 
ultra-compact binaries
• WD + He star
• Double degenerate WD 

(DDWD)
• AM CVn mass-transfer 

system
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(Postnov+Yungelson14, LRR)

#1
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Complexity	of	End	States	
of	Double	Degenerate	
WD	Merger

• Many	possible	end	states	
depending	on	masses	and	
constitution	of	WDs

• Binary	components
• He	WD
• C/O	WD
• O/Ne	WD
• Also	sdB/sdO

• Merger	end	states
• SN	Ia
• SN	.Ia
• R	CrB
• AIC	(accretion	induced	collapse)
• NS
• C	or	O/Ne	giant 16	July	2018 8

(From	Shen15,	ApJL)
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Figure 3: ZTF camera inside the Palomar Oschin Schmidt telescope. The camera is com-
posed of 16 6k x 6k CCDs.

vestment in ZTF is substantial, including approximately $20M in funding in addition to the
significant previous investment in PTF for development of software pipelines.

The ZTF survey modes are listed in Table 1.

Table 1: ZTF Survey Modes

ZTF Survey Mode Time Total Area Visits Total Fraction
of Year over 1 yr (per field, Visits of Total

(deg2) per night) per year Time

Nightly Galactic Plane April-Jan 3000 2 (g+R) >150 6%
High-cadence Galactic June-Aug ⇠1,250 ⇠160 >300 ⇠10%

+ Nov-Dec (g or R)
Northern Sky All-year 26,800 2 (g+R) >150 34%
High Declination Feb-Oct 3,300 6 (g+R) >2000 22.5%
Other (competed - - - ⇠31%
+ i-band + ToO)

Several of the ZTF survey modes have been designed specifically for optimal detection of
UCBs, and therefore VBs. The most relevant are:
– Nightly Galactic Plane survey. Because VBs are expected to be more concentrated at
lower Galactic latitudes [14], the ZTF Galactic Plane survey modes will be highly e↵ective at
detecting new systems. The ZTF moderate cadence Galactic Plane survey is one of the two
ZTF Galactic Plane survey modes. ZTF observes the entire visible Galactic Plane nightly in
g- and R-bands. Most regions of the Galactic Plane are visible for 4 or more months of the
year implying that >150 observations will be accumulated over the course of 4 months. This
data will be public with releases starting in March 2019. We note that to date, many large
area time-domain surveys have avoided the Galactic Plane because of the increased density
of stars.
– High-Cadence Galactic Survey . This ZTF survey mode was specifically designed for

7

Nightly
Galactic	Plane

High	Declination

Northern	Sky

ZTF	Survey	Modes

High	Cadence
Galactic

Coverage as of 9 July 2018



How	do	we	find	White	Dwarf	Binaries	via	
periodicity?
• Eclipses

• Irradiation	of	companion	
(“reflection”)

• Ellipsoidal	modulation

SDSS	J0651
12	min	binary

+ Searches over millions of
objects using GPU-optimized 
periodicity search algorithms

(Brown+11,	ApJL)



New PTF and ZTF Results
(Papers in preparation)

• Compact	binary	population	paper	(Burdge+18):
• sdB/sdO and	WD	binaries	
• No	details	here,	but	very	relevant	to	channels	for	formation	of	ultra-compact	binaries	
such	as	LISA-detectable	sources

• PTF-discovered	sdB-WD	binaries (Kupfer+18)
• He	detonation	SNIa progenitors?

• PTF-discovered	20-minute	DDWD	binary	(Burdge+18)
• First	LISA	verification	binary	found	solely	via	time	domain	periodicity	search
• Non-eclipsing.		Periodicity	due	to	ellipsoidal	modulation
• Follow-up	high-speed	photometry	and	spectroscopy
• Decay	of	orbit	due	to	gravitational	radiation

• New	ZTF	7-minute	binary	(Burdge+18)
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Population	paper:
• Shortest	Period	HW	Vir
(sdB+MS)	(P=92.4	min)

• Shortest	Period	Pre-CV	
(P=63.7	min)

• Three	new	WD-sdB Binaries	
(Kupfer	et	al	in	prep—see	next)

12



Topic	#1:	
sdB-WD	compact	binaries	as	the	
progenitor	systems	of	sub-
Chandrasekar SNIa detonations	

“The	discovery	of	three	new	ultracompact hot	subdwarf binaries”,
Kupfer et	al.	(2018)
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Gaia	discovery	of	3	blue	hypervelocity	stars
(Shen+18)

• “Three	Hypervelocity	White	Dwarfs	in	Gaia	
DR2:	Evidence	for	Dynamically	Driven	
Double-Degenerate	Double-Detonation	
Type	Ia Supernovae”	

• Favored	explanation
• Hypervelocity	stars	are	blue	companions	of	
stars	disrupted	in	SNIa explosion
• Retain	orbital	velocity	– appears	as	proper	

motion
• One	system	points	back	toward	SN	remnant

• What	did	the	progenitor	system	look	like?
• Significant	interest	in	sdB-WD	binaries
• Stripped	He	core:	sdB/sdO (B-type	sub-dwarf)

• Formed	from	two	CEEs
• Evolve	under	GW	emission
• Come	into	contact

• sdB donates	He	to	WD
• If	massive	enough,	He-shell	detonation	which	

triggers	detonation	of	C/O	core
16	July	2018 14
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The first PTF discovered compact white dwarf + sdB 

- PTF lightcurve shows 5% variability 
due to deformation of the He-star 

MsdB = 0.45+/-0.08 Msol;  
MWD = 0.46+/-0.10 Msol 

PTFS1 J0823 - an sdB  
with a WD companion with 

Porb = 87 min 

Kupfer et al. (2016)  11Kupfer et al. 2017
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…and there are even more…

 12

- Porb = 72.1 min 
- Teff ~ 27 000 K 
- log(g) ~  5.5 
- vrot sin (i) ~ 130 km/s 
- K ~ 333 km/s

minimum mass WD companion ~ 0.6 Msol

- Porb = 76.3 min 
- Teff ~ 23 000 K 
- log(g) ~  5.3 
- vrot sin (i) ~ 150 km/s 
- K ~ 378 km/s

PTFS1 J1821 (b=13.9deg) PTFS1 J2238 (b=8.9deg)

Thomas Kupfer Kupfer et al. in prep.

minimum mass WD companion ~ 0.76 Msol
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…and a fourth one…

 13

- Porb = 72.1 min 
- Teff ~ 27 000 K 
- log(g) ~  5.5 
- vrot sin (i) ~ 130 km/s 
- K ~ 333 km/s

- Porb = 76.3 min 
- Teff ~ 23 000 K 
- log(g) ~  5.3 
- vrot sin (i) ~ 150 km/s 
- K ~ 378 km/s

Thomas Kupfer

PTFS1 J1859 (b=9.2deg)

- Porb = 93.6 min 
- Teff ~ 25 500 K 
- log(g) ~  5.5 
- delta(v) > 450 km/s 

PTFS1 J1821 (b=13.9deg) PTFS1 J2238 (b=8.9deg)

Kupfer et al. in prep.

minimum mass WD companion ~ 0.6 Msol minimum mass WD companion ~ 0.76 Msol

… and	more
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PTFS1 J2238
PTFS1 J1821

OWJ0741
CD-3011223

PTFS1 0823

The sky location of the most compact hot subdwarfs 

• All systems are located at low Galactic latitudes 
• All systems except PTFS1 0823 have massive WD 

companions - ?evolved from more massive binaries?

PTFS1 J1859

Thomas Kupfer

Galactic!

The	ZTF	High-
cadence
Galactic	surveys	will	
be	excellent	for	
discovering	more	of	
these	sdB/O-WD	
systems

These	are	young	
(~100	Myr)	massive	
stellar	binaries

Bright	– can	be	seen	
up	to	a	few	kpc



Topic	#2:	
Ultra-compact	WD-WD	binaries	
(DDWDs)discovered	through	
ellipsoidal	modulations

“A	20	Minute	Orbital	Period	Detached	Binary	with	a	Helium	Extremely	
Low	Mass	White	Dwarf”

Burdge et	al.	(2018)
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Keck	and	Palomar	Chimera	Observations	
of	20-minute	Binary

16	July	2018 20

Palomar	Chimera	g-band	light	curve
Keck	LRIS	radial	velocity	curve		

Radial	velocity Photometric	light	curve

new	ZTF-discovered	7-minute	orbital	period	binary



A	Helium	Rich	Extremely	Low	Mass	WD

21

Parameters	from	Atmospheric	fit	performed	by	Elena	
Cukanovaite,	Pier-Emmanuel	Tremblay

Helium	I

Hydrogen

𝑀# ≈ 0.09	𝑀𝑠𝑢𝑛
𝑀, ≈ 0.55	𝑀𝑠𝑢𝑛
𝑅# ≈ 0.05	𝑅𝑠𝑢𝑛

Some	parameters	from	MCMC	fit	of	lightcurve
performed	by	Jan	Van	Roestel

log	(𝑔)# ≈ 6

log	(
𝑁 𝐻
𝑁 𝐻𝑒

) ≈ −2.8

𝑇# ≈ 18000	𝐾



Jan	van	Roestel Fit	for	20-minute	binary
(22	July)

Jan’s fit:

M1 0.0929216553492 0.0108905736195

M2 0.561282653981 0.0257311348856

R1 0.0506929623265 0.00195965298662

R2 0.0138369667604 0.000661979661836

K1 623.199698368 7.48365900908

K2 103.270744258 8.76175817823

logg1 5.99626616833 0.0168872569504

logg2 7.90194528114 0.0528461055283

Can calculate inclination from these => 72 deg

Probing	the	mass/radius/atmosphere
of	a	very	low-mass	WD

Out[1344]=

Note	
small	
errors



4 Burdge et al.

ity data, which is periodic on the orbital period). We
make the assumption that the maxima of the ellipsoidal
modulation and extrema of the radial velocities are per-
fectly in phase (which may not be valid if any dynamical
tides are present in the system; however, because of the
scarcity of data points available at the time of publica-
tion, we choose to use our radial velocity observations
in addition to the photometry).
We then assume a fixed period, P0 = 1233.974477649s

(derived from the power spectrum of the PTF lightcurve)
to construct our initial OC diagram. Then, follow-
ing a procedure similar to that described in Hermes
et al. (2012). Namely, we take our observed emphemeri,
and compare them to calculated emphemeri using our
fixed period. As described in Hermes et al. (2012), the
observed-calculated values should assume the form of
equation 2.

O � C = �T0 +�P0E +
1

2
P̄ ṖE

2 (2)

Where �T0 is the error in the ephemeris of the initial
point, and�P0 is the error in the initial period estimate.
Using the technique described in Hermes et al. (2012),

we iteratively adjust P0 using the 1st order term in our
quadratic fit to better estimate the initial period, yield-
ing an estimated initial period of 1233.9738±0.0001728s,
where the uncertainty in this parameter has been de-
rived from the covariance matrix of the fit. After apply-
ing this iterative corrections, we then reconstruct the
OC diagram using the new period, and measure the co-
e�cient of the quadratic term in the fit to estimate the
period derivative, obtaining Ṗ = �2.94±1.3710�12s s�1,
or equivalently, Ṗ = �0.093 ± 0.043ms yr�1. TK: give
here just results
TK: this is all discussion Although PTF1J053332.05+020911.6

does not benefit from the precise emphemeris measure-
ments enabled by sharp eclipses, it does have a long
baseline thanks to the PTF data being observed in two
large sets of observations (the first over about 40 days,
and the latter over 4 days), approximately 8.3 and 7.3
years prior to our latest measurements. These early
data-points provide crucial constraints in the curvature
of the parabola; however, the accuracy of our fit will
benefit immensely from additional observations in the
future, as well as the release of lightcurves from Gaia and
PanSTARRS (which observed the object between the
initial PTF observations and our current observations,
providing data points which will greatly constraining
the quadratic component of the fit).

Figure 5. This is an OC diagram constructed from the
emphemeri derived from our PTF, Pan-STARRS, ATLAS,
Chimera, and LRIS observations.

3.4. Lightcurve Modelling

3.5. Atmospheric Fitting

PTF1J053332.05+020911.6 exhibits a helium enriched
atmosphere, with trace amounts of hydrogen (a DAB
atmosphere). Until now, no extremely low mass white
dwarf with a helium rich atmosphere has ever been doc-
umented, making PTF1J053332.05+020911.6 a proto-
type for this class of objects. Because of its helium en-
riched atmosphere, this object also falls in a very di↵er-
ent region of optical color-color space than its hydrogen
rich counterparts (see figure 6).

Table 3.

Te↵ log(g) log(y)

K cm s�2 NHe

NH

4. DISCUSSION

4.1. Photometric Properties

TK: This is discussion and should go in a separate dis-
cussion section after the results The ELM survey con-
ducted by Brown targeted objects using their SDSS col-
ors, as illustrated in figure 1 of Brown et al. (2016).
PTF1J053332.05+020911.6 deviates significantly from
the rest of the ELM sample in SDSS u-g vs g-r color
space, and we attribute this to a blue excess as a result
of its helium atmosphere (as it has a much weaker opac-
ity jump associated with the balmer ionization than its
hydrogen rich counterparts). As figure

5. CONCLUSION

ACKNOWLEDGMENTS

PTF PS1

ATLAS

New	observations
coming	later	will	
pin	down
orbital	decay

Gravitational	
wave	astrophysics	
w/o	gravitational	
waves!

O-C	=	Observed	- Computed
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Topic	#4:	
New	ZTF-discovered	7-minute	
orbital	period	binary

Burdge et	al.	(2018	– in	preparation)
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ZTF	Discovery	Data

• Global	period	search	of	the	first set	of	ZTF	data

• And	found	an	interesting	candidate…

26

Eclipse?
Yes,	probably	
eclipse

g-bandr-band



Kitt Peak	84-inch	EMCCD	Photometer
(First	KP84	Light	Curve	of	7-minute	Binary)
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Recent Folded Light Curve for 7min Binary
Palomar 200” Chimera High-speed Photometer
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Primary and Secondary 
Eclipse
+ Reflection 
+ Ellipsoidal

Excellent for timing 
evolution of orbital period, 
including GW and 
astrophysical processes
(e.g. tides, or mass-transfer 
effects) 

Best short period binary 
ever for timing decay of 
orbit?

Also:		A	double	line
spectroscopic	binary!
=>	Radial	velocities	for
both	components	
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How many LISA 
verification binaries 
will ZTF find?

Korol+17 estimate 
that Gaia could 
discover ~250 DWD 
systems via eclipses.

ZTF might be better than Gaia 
at close binary detection

- Better time sampling: 100’s 
to 1000’s of observations 
per field over 1 year vs <70> 
for Gaia over 5 years.

- Sensitive to ellipsoidal and 
reflection effects, not just 
eclipses(Kupfer+18,	MNRAS)



Other	stellar/variable	topics:	
- CVs
- M31/M33
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Cataclysmic	Variables	from	ZTF

Since	April,	>	25	known	CVs	(like	
AY	Lyr below)	and	>	21	new	CVs

AY	Lyr New	CV

Szkody +	Kupfer



M31/M33	Observations
• M31	
• Nightly	observations	have	recently	started
• 6	observations	per	night

• M33
• Significant	interest
• Recent	decision	to	do	nightly	observations	of	M33	using	Caltech	time

• M31/M33	Science	Working	Group
• Will	start	up	activity	again	in	2nd half	of	August
• Soliciting	interest	from	partnership	members

• Currently:	Dalcanton,	Goobar,	Graham,	Hillenbrand,	Kupfer,	Ngeow,	
Prince,	Szkody,	Wilde	(+	Drout,	Soraisam?,	also	Bildsten)
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